Reduced oocyte competence causes the lower fertility reported in domestic sows during the warm months of the year. Somatic cells express heat shock proteins (HSPs) to protect themselves from damage caused by thermal stress. HSPs are classified as molecular chaperones and control the correct folding of newly synthesized or damaged proteins. The present work performed a comprehensive survey of the different components of the heat shock chaperone machinery in the pig ovary, which included the HSP40, HSP70, HSP90, and HSP110 families, as well as heat shock factors (HSF) 1 and 2. Pig ovarian follicles constitutively expressed different members of these families; therefore, we examined their ability to respond to heat stress. In order to take into account the role of the complex follicular architecture, whole pig ovaries were exposed to 41.58C for 1 h. This exposure significantly disrupted oocyte maturation and determined the upregulation of the HSP70, HSP40, HSPH1, HSPA4, HSPA4L, HSF1, and HFS2 genes, whereas expression levels of HSP90A and HSP90B, as well as those of genes unrelated to heat stress were not altered. Unexpectedly HSP and HSF expression levels changed only in oocytes but not in cumulus cells. Cumulus-oocyte complexes isolated from ovaries collected in summer showed the same pattern as those collected in winter. We conclude that the HSP chaperone machinery is constitutively fully operational in the pig ovary. However, following thermal stimuli or seasonal variations, cumulus cell HS-related gene expression remains unchanged, and only oocytes activate a response, suggesting why this mechanism is insufficient to preserve their competence both in vitro and in vivo.
INTRODUCTION
The domestic pig exhibits a period of depressed reproductive performance during late summer and early autumn months [1] [2] [3] [4] . This seasonal infertility is characterized by a reduction in farrowing rate [4] , an extended weaning-to-estrous interval [5] , and a delay in the onset of puberty [6] . All these manifestations cause a considerable economic damage to the swine industry.
It has been difficult to determine a specific cause for this phenomenon because many different parameters are involved, including heat stress, photoperiod, humidity, genetic background, and management [7] . A disruptive effect of heat stress on the oocyte has been extensively described in the cow (e.g., see ref. [8] ) and more recently in pig [2, 9] . However most cells developed mechanisms based on the expression of heat shock proteins (HSPs) to protect themselves from damage during cellular stress [10] .
HSPs are classified as molecular chaperones because they bind to other proteins, named clients, which are damaged by the stress conditions and mediate their transport to target organelles for repair or degradation [11] . They are grouped in six families of structurally unrelated molecules [12] whose members also have physiological roles and are constitutively expressed in the absence of stress in many processes including gametogenesis and embryogenesis [13] .
The HSP70 family (also known as HSPA) is found in all eukaryotic cells and is the most abundant and most highly conserved complex [11] . Members of this family act through repeated client-chaperone binding and release cycles sustained by ATP hydrolysis and nucleotide exchange reactions. However HSP70s never work alone, rather they require at least the presence of the two cofactors DnaJ protein (HSP40) and nucleotide exchange factor (NEF) [14] . The DnaJ protein facilitates client binding, stimulating ATPase activity, whereas client dissociation is prompted by the ADP dissociation stimulated by NEFs. Members of the HSP110 family, which includes HSPA4, HSPA4L, and HASH1, are known NEFs that remove ADP after ATP hydrolysis, enabling a new HSP70 interaction cycle with non-native protein substrate [15] .
Another highly conserved and highly expressed HSP family is HSP90, which in mammals, includes the two cytosolic isoforms HSP90a and HSP90b [16] . Similar to HSP70, HSP90 proteins also exert their function in collaboration with a number of cochaperones that regulate HSP90 activity in several ways such as the recruitment of client proteins and the regulation of the ATPase cycle [17] .
Heat shock response in vertebrates is regulated at the transcription level by the heat shock transcription factors (HSFs) family, composed of several members, with HSF1 regulating heat shock gene expression in mammals [18] . When a mammalian cell is exposed to heat stress, HSF1 molecules, present in the cytoplasm as inactive monomers, combine to form biologically active trimers. These bind the heat shock response elements (HSEs), which are present upstream of each heat shock gene, and activate their transcription [18] . In addition to HSF1, which is ubiquitously expressed, HSF2 is barely expressed in the mouse adult oocyte, but knock-out models indicate that it has an important role during oogenesis because its absence causes marked female infertility [19] .
Whereas mammalian oocytes, including those of pig, are known to constitutively express HSP70 in the absence of stress conditions [20, 21] and to express inducible HSP70 in response to heat stress during oocyte growth, some observations indicate that this capacity is gradually lost during follicle formation and is not detectable in pre-and postovulatory oocytes in mouse, pig, and cow [21] [22] [23] [24] . However the evidence for these observations was obtained in vitro, exposing oocytes isolated from their follicle and in some cases even denuded of cumulus cells to heat shock [21] . These experimental conditions did not take into consideration the physiological architecture of the ovary and may have been partially misleading, given the wellknown close functional relationship between granulosa and cumulus cells and the mammalian oocyte [25] . Furthermore, previous analyses were focused mainly on HSP70 proteins, and very limited data were available for the other regulating molecules and cofactors which together form what is known as the ''HSP70 machine'' [14] .
The aim of the present work was to provide an extended picture of the HSP chaperone machinery in the pig ovary, investigating the presence and expression patterns of different members of the HSP40, HSP70, HSP90, and HP110 families, as well as those of HSF1 and 2, both constitutively and in response to heat stress stimulus applied in vitro to the whole ovary. Furthermore, the seasonal variation of these molecules in vivo was examined, comparing ovaries collected during the summer seasonal infertility with those obtained in winter.
MATERIALS AND METHODS
Unless otherwise indicated, chemicals were purchased from Sigma-Aldrich.
Identification and Localization of Heat Shock-Related Molecules
Ovary collection. Ovaries were collected from gilts weighing approximately 120 kg at the local abattoir and were randomly allocated to PCR, Western blotting, and immunohistochemical analysis. For molecular studies, cumulus-oocyte complexes (COCs) were aspirated from 2-to 6-mm antral follicles, using an 18-guage needle and vacuum pressure of 50 ml/min. Oocytes were denuded from cumulus cells and collected separately for analysis. For immunohistochemical studies, samples were processed as described below.
RNA extraction and reverse transcription. Total RNA was extracted from cumulus cells using TRIzol reagent (Invitrogen) according to the manufacturer's recommendations and including a DNase I (1 U/ll) incubation. Quantity and quality of total RNA were determined by spectrophotometry and denaturing agarose gel electrophoresis, respectively. PENNAROSSA ET AL.
FIG. 1. Genes constitutively expressed in pig oocytes and cumulus cells (A)
. Some of these genes, depending on the availability of specific commercial antibodies, were also detected at the protein level (B). The same antibodies were used to determine the histological localization of these molecules. Antigens were localized in oocytes and follicle walls at all follicle developmental stages (C). Bars ¼ 100 lm (primordial to secondary) and 50 lm (antral).
HEAT SHOCK CHAPERONES AND PIG SEASONAL INFERTILITY oligo(dT) was allowed for 5 min at room temperature. The beads were then separated with a magnetic separator, washed twice with 100 ll of washing buffer 1 (10 mM Tris-HCl [pH 7.5], 0.15 mM LiCl, 1 mM EDTA, and 0.1% [w/v] lithium dodecyl sulfate) and three times with 100 ll of washing buffer 2 (10 mM Tris-HCl [pH 7.5], 0.15 M LiCl,1 mM EDTA). Poly(A) þ RNA were then eluted from the beads by incubation in 10 ll of diethylpyrocarbonatetreated sterile water at 658C for 2 min.
Reverse transcription PCR. RNA from each pool of oocytes and cumulus cells was reverse transcribed (RT) into cDNA in a total reaction mixture volume of 20 ll containing 8.5 ll of sterile water, 1 l1 of 10 mM dNTP mixture, and 1 ll of oligo(dT) [12] [13] [14] [15] [16] [17] [18] (500 ng/ll). RT was performed with 200 U of SuperScript II reverse transcriptase (Invitrogen) for 1 h at 428C. Enzymes were inactivated at 708C for 15 min.
cDNA amplifications were carried out in an automated thermal cycler (iCycler; Bio-Rad) using the conditions appropriate for each set of primers (Table 1) . PCR primers were designed using the oligomer program Primer3 Input. RT-PCR products were run in a 2% agarose gel. Porcine DNA was used as positive control. Amplification products were purified in Spin-X centrifuge tube filters (Corning), sequenced (Seqlab), and aligned using Clustal W version 1.82 software (EMBL-EBI service).
Western blots. Pools of 100 oocytes were denuded from their associated cumulus cells and were separately homogenized and lysed, and constitutive proteins were extracted using ReadyPrep protein extraction kit (Bio-Rad). Cumulus cell protein concentrations was assessed by the Coomassie Blu-G dye-binding method. Aliquots of 100 oocytes or of 100 lg of cumulus cell proteins were prepared and resuspended in 23 Laemmli sample buffer (1:1) consisting of 4% (w/v) SDS, 10% 2-mercaptoethanol, 20% (w/v) glycerol, 0.004% bromophenol blue, and 0.125 M Tris-HCl (pH 6.8). Samples were loaded and electrophoresed on SDS polyacrylamide gels. Proteins were then transferred onto 0.45-lm-pore-size nitrocellulose filters (Hybond-C Extra; Amersham) according to the method described by Towbin et al. [26] , using 0.5 A/cm 2 . Equal sample loading and transfer efficiency were confirmed by staining of the membrane with Ponceau red. The membrane was probed with primary antibodies listed in Table 2 , previously validated in pig. Monoclonal anti-b-actin was used as a loading control (data not shown). Protein bands were visualized by Western Breeze chemiluminescent kit (Invitrogen).
Immunohistochemistry. Porcine ovaries were cut into fragments of approximately 5 mm on each side. Fragments were washed in PBS and then fixed with 10% formaldehyde in PBS for 24 h at 48C. Fragments were embedded in paraffin and sectioned before immunostaining. Paraffin-embedded ovary sections were deparaffinized and rehydrated. Slides were then treated with proteinase K (20 lg/ml in TE buffer, pH 8.0) for 20 min at 378C, and tissues were permeabilized with 0.1% Triton X-100 in PBS. A specific site was blocked with a solution of PBS containing 5% bovine serum albumin and 10% nonimmune serum. Samples were incubated overnight at 48C with the antibodies listed in Table 2 . Sections were washed three times with PBS and incubated with suitable secondary antibodies (Alexafluor; Invitrogen) for 45 min. Nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). Samples were observed with an Eclipse E600 microscope (Nikon).
In Vitro Functional Studies
In vitro heat shock treatment. To study the effect of high temperature on the expression levels of heat stress (HS)-related molecules, taking into consideration the role of the follicular structure and the relationship of oocytes, cumulus, and granulosa cells, we exposed whole pig ovaries to thermal stress. Preliminary experiments were carried out in order to identify the minimum in vitro HS treatment (the lowest temperature and the shortest exposure time) able to reduce oocyte development ability. This was identified as the temperature of 41.58C applied for 1 h, which resulted in a significant decrease of the oocyte maturation rate (results not shown).
Approximately 400 ovaries were assigned to the HS group, while 400 ovaries were maintained at 38.58C for 1 h as controls (CTR). After treatment, COCs were aspirated as previously described, oocytes were separated from the surrounding cumulus cells, and both were processed for analysis. All experiments were performed in triplicate.
Quantitative real-time PCR analysis. Total RNA was extracted from pools of cumulus cells isolated from five COCs by using TRIzol reagent (Invitrogen), while poly(A)
þ RNA was extracted from their respective five denuded oocytes
In vitro exposure of whole pig ovaries to 41.58 for 1 h determined the significant increase (*P 0.05) of a number of heat response-related genes in pig oocytes as determined by real time PCR. However, HSP90A and HSP90B were not affected by the thermal challenge, despite the fact that they encode two isoform of a heat shock molecule. The same is true for ZAR1 and OCT4, but this was expected as these genes are not related to the heat shock response machinery (A). On the contrary, cumulus cells did not react to thermal stress either for any of the heath shock genes examined or for the HAS2 and PTX3 genes, which are not related to heat response (B).
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with Dynabeads mRNA Direct microkit (Invitrogen), as previously described. PCR runs and fluorescence detection were carried out with a model 7500 realtime PCR system (Applied Biosystems) using SYBR Green (Applied Biosystems). Ribosomal 28S subunit RNA (RPS28) was used as internal standard to normalize reactions for the amount of RNA in each sample of both oocytes and cumulus cells [27] . Gene expression level was reported as fold change. For each gene, the number of amplification cycles required for the fluorescent reporter signal to reach a common threshold value (Ct) was estimated and then normalized by subtracting the Ct value obtained for the same sample for the positive CTR transcript (RPS28). Quantitative Western blot analysis. Constitutive proteins were extracted and prepared as previously described from oocytes and cumulus cells separated from pools of 100 COCs obtained from the two (HS and CTR) groups. Densitometric analysis was performed with Quantity One 1-D analysis software (Bio-Rad).
In Vivo Functional Studies
COCs representative of the warm season were collected at the abattoir between July and August 2010, when the average local temperature values recorded for the period were a maximum of 29.58C, a minimum of 19.78C, and daily temperature of 23.18C. COCs representative of the cold season were collected between January and February 2011, when the average local maximum temperature was 7.28C, the minimum temperature was 0.78C, and daily temperature was 4.88C (source, http://www.ilmeteo.it/portale/ archivio-meteo).
Statistical Analysis
Statistical analysis was performed using the Student t-test or one-way ANOVA, as appropriate, using Sigma Stat statistical software (Systat Software, Inc.). Data are means 6 SEM of a minimum of three independent replicates. In all cases, a difference in P value of 0.05 was considered significant.
RESULTS

Identification and Localization of Heat Stress-Related Molecules in Porcine Ovarian Tissue
RT-PCR results indicated a constitutive expression of the HSP40, HSP70, HSP90A, HSP90B, HSF1, HFS2, HSPH1, HSPA4, and HSPA4L genes in oocytes and cumulus cells (Fig.  1A) . Western blot analysis further confirmed gene expression data, showing the presence of HSP40, HSP70, HSP90, and HSF1 proteins in oocytes and cumulus cells (Fig. 1B) . Moreover, immune localization studies demonstrated that all these proteins were present in oocytes, granulosa, and theca cells of follicles at all developmental stages (Fig. 1C) .
Effect of In Vitro Heat Stress on the Expression Level of HSRelated Molecules
Despite extensive morphological damage caused by the relatively mild temperature stress applied to the whole ovaries, changes is gene expression were more subtle. In fact, quantitative PCR analysis of cumulus cells did not show any change in expression levels of either the HS-related or HSunrelated genes HAS2 and PTX3 (Fig. 2B ). Changes were detected only in HS oocytes, where abundance of the HSP70, HSP40, HSPH1, HSPA4, HSPA4L, HSF1, and HFS2 transcripts was significantly higher than in oocytes isolated from CTR ovaries (Fig. 2A) . However, we did not observe any differences between treatments for the HSP90A and HSP90B (Fig. 2) . Also, at the protein level, oocytes were able to trigger a response against thermal stress, while cumulus cells did not show this ability. *P 0.05.
HEAT SHOCK CHAPERONES AND PIG SEASONAL INFERTILITY expression levels ( Fig. 2A) . As expected, transcript levels of HS-unrelated genes like ZAR1 and OCT4 did not change after heat treatment, indicating the specificity of oocyte response to thermal shock through the activation only of genes involved in the HS response pathway.
Results of the quantitative analysis of HSP70, HSP40, HSP90, and HSF1 proteins were in agreement with observed transcript levels. In particular, HS oocytes contained a larger amount of HSP70, HSP40, and HSF1 proteins than the CTR oocytes. Consistent with the results obtained by gene expression analysis, we found HSP90 quantity was not affected by the treatment (Fig. 3A) . Furthermore, in agreement with mRNA transcript levels, we found no differences were detectable for the same proteins between cumulus cells isolated from the HS group and those from the CTR group (Fig. 3B) .
In Vivo Effect of Season on HS-Related Molecules
Effect of temperature in vivo was examined by collecting pig ovaries at the local slaughterhouse in summer (July and August 2010) and in winter (January and February 2011).
Results were remarkably similar to those obtained by exposing ovaries to HS in vitro. Quantitative PCR analysis revealed a significantly higher abundance of the HSP70, HSP40, HSPH1, HSPA4, HSPA4L, HSF1, and HFS2 transcripts in oocytes isolated during summer than those collected in winter (Fig. 4A) . Furthermore, in agreement with the results obtained after in vitro treatment, no differences were detected for the HSP90A and HSP90B genes and for the HS-unrelated genes ZAR1 and OCT4 (Fig. 4A) . As for the oocytes analyzed after the exposure to temperature stress in vitro, mRNA changes were confirmed at the protein level with an increase in HSP70, HSP40, and HSF1 proteins in oocytes collected during summer, whereas no changes were detected for HSP90 (Fig.  5A) .
Consistent with in vitro experiments, we found no changes at the mRNA and protein levels were detected in cumulus cells between summer and winter samples (Figs. 4B and 5B).
DISCUSSION
Data reported in the manuscript provide the most extensive characterization of the expression pattern of the heat shock chaperone system molecules in pig ovary so far. We detected the constitutive expression of the whole HSP70 system throughout the process of follicle development in both somatic cells and oocytes. The system is formed at the core by the HSP70-1 protein, which physiologically guides the conformation of newly synthesized proteins [13] . The presence of the DnaJ protein HSP40 stimulates ATPase activity, which leads to client binding, whereas expression of the HSP110 family members HSPH1, HSPA4, and HSPA4L, which act as NEFs, prompts ADP dissociation from HSP70, required for client detachment [14] . This is consistent with previous data and extends those data describing HSP70 in pig oocytes and HSP70, HSP72, and HSP110 in granulosa cells and in isolated follicles [28, 29] . Furthermore, we observed that HSP90A and HSP90B are also constitutively expressed in pig fully grown FIG. 4 . COCs were isolated from ovaries collected at the slaughter house in summer and in winter. Seasonal variations, similarly to in vitro heat stress, determined the significant increase (*P 0.05) in a number of heat response-related genes in pig oocytes as determined by real-time PCR. Also, in this case, HSP90A and HSP90B were not affected by the seasonal temperature variation despite the fact that encode two isoforms of a heat shock molecule. The same is true for ZAR1 and OCT4, in agreement with the fact that these genes are not related to the heat shock response machinery (A). Consistent with the results obtained after in vitro exposure, cumulus cells were unresponsive to seasonal variations for any of the heat shock genes examined as well as for the HAS2 and PTX3 genes, which are not related to heat response (B). *P 0.05.
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oocytes and cumulus cells and in growing follicles, which had not been reported before in this species but confirms and extends previous observations in cattle [30, 31] .
Expression of the transcription factors HSF1 and HSF2 in pig cumulus cells and oocytes is functionally important because their translocation into the nucleus in response to a stressful stimulus is required for triggering the expression of all classical heat shock genes (HSP110, HSP90, HSP70, HSP40, and HSP27) binding to the heat shock elements present in their promoter regions [18, 32] . The presence of HSF1 in mammalian oocytes has been described previously only in the mouse [33] , whereas HSF2 mRNA were not detected in this species until the two-cell stage. This is different from what we found in the pig, where mRNAs for both transcription factors are present in the oocyte at similar levels. Interestingly HSF2 seems to be involved in mouse oogenesis, but unfortunately, the lack of a specific antibody for the pig molecule prevented confirmation of its localization in the porcine ovary also at the protein level. Overall, these results indicate that the HSP chaperone system is fully active in the pig ovary, including the oocyte, where it maintains protein homeostasis, facilitating protein folding and suppressing protein aggregation.
Having characterized the presence of the HSP chaperone system, we evaluated how it responds to a thermal stimulus. Previous experiments in cow and pig were performed with isolated oocytes, sometimes denuded of cumulus cells; therefore, in the attempt to mimic more closely the physiological conditions, we exposed the whole ovary to a moderate temperature increase so that the complex ovarian architecture could be taken into consideration. We selected the minimum stimulus that was able to significantly affect oocyte maturation.
Somehow, surprisingly, these experimental conditions revealed that a response of the HSP chaperone system was detectable only in the oocyte, while no significant effect was detected in cumulus cells. This included both the HSF1 and HSF2 transcripts and HSF1 protein, consistent with the role of HSF1 as a maternal factor [34] in mouse oocyte and with the recent observation that it specifically prevents mitochondrial damages and maintains the redox balance in the same species [35] . However, despite the fact that HSFs are known to stimulate all major HSP families, the response was limited to the HSP70 machinery, which includes HSP40 and HSP110 family members, whereas HSP90 genes and proteins were not affected. The thermal stimulus also left unmodified the expression levels of other oocyte-specific genes like OCT4 and ZAR1, which are not linked to any kind of stress response, further excluding the possibility of a generalized and nonspecific response. Our results provide the first evidence that HS is able to induce an increase of HSF and HSP transcripts and proteins in fully grown porcine oocytes. A similar HS (41.58C for up to 4 h) applied to in vitro matured, denuded oocytes was able to significantly compromise their developmental competence but was unable to stimulate an increase of HSP70 protein [29] , suggesting that the contact 
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with cumulus cells and the whole follicle plays a crucial role. Indeed, de novo synthesis of HSP70 in cow oocytes exposed to 418C for the first 12 h of in vitro maturation was reduced in denuded oocytes [23] . The lack of response of the HSP chaperone system observed in cumulus cells is in agreement with recent studies carried out in isolated pig follicles and granulosa cell primary cultures, demonstrating that malnutrition rather than heat stress promotes an accumulation of HSP70, HSP72, and HSP105 mRNA [28] .
The physiological body temperature of a pig ranges between 38.58 and 40.08C; however, a very detailed study of the ovarian temperature by Hunter et al. [36] indicated that 41.58C, as used in our in vitro experiments, represents the upper limit of the physiological range. The relevance of the data obtained in vitro was confirmed by the fact that oocytes collected during the warm and cold seasons and subjected to the same analyses showed the same pattern: activation of the HSP70/HSF system, which was present in the oocyte but was not detected in cumulus cells. Local epidemiological data confirm that such response to seasonal stress is insufficient to prevent a significant reduction of sow fertility [37] similarly to that which occurs after in vitro stress.
The similarity between in vitro and in vivo thermal stress extends to a lack of HSP90 response. Interestingly the same lack of HSP90 response was described in cow oocytes recovered from in vivo stressed animals [38] . It is relevant that progesterone receptor is one of the typical HSP90 clients [39] , which ensures its appropriate folding. Therefore, the significant decrease of progesterone synthesis that has been described during sow seasonal infertility [3] may be substantially aggravated by the lack of HSP90 response, which may play a specific role in the ontogeny of this syndrome.
Following the thermal stress, we detected an increased abundance of some transcripts in fully grown oocytes at the germinal vesicle stage (GV-oocytes), despite the fact that transcription is known to be very low at this stage [40, 41] . However mRNA molecules stored in the oocyte cytoplasm can undergo posttranscriptional modifications, including an increase in the poly(A) tail length, which makes them available for translation [42] . Indeed, we observed differences in poly(A) tail length in HSP70 transcripts between cow GV-oocytes of high and low competence [43, 44] . At the same time, changes in poly(A) tail length may alter the availability of these transcripts when reverse transcription is performed with oligo(dT) primers, as in the case of our experiments [45] . Therefore the transcript increase we observed following HS could reflect a change in the poly(A) tail rather than an increase due to new transcription. The addition to the culture medium of the transcription inhibitor a-amanitin is commonly used to discriminate between the two possibilities [46] , but in this case, this was not possible because the whole ovary was exposed to HS.
Following thermal stress both in vitro and in vivo, we observed that transcript levels of genes like OCT4 and ZAR1, not known to be related to stress response, remained unaltered. The same observation has been reported recently in cow oocytes, where OCT4 and other genes unrelated to stress (MOS, GDF9, and GAPDH) did not change between seasons [47] ; however, these genes showed an alteration following oocyte maturation and embryonic development.
Finally, our data indicate that fully grown pig oocytes are definitively capable of responding to HS both in vitro and in vivo with a significant increase of HSP and HSF transcripts and proteins. Therefore, we suggest that oocyte sensitivity to temperature stress cannot be attributed to a deficiency in the gametes but is more likely caused by the inability of the surrounding cumulus cells and of the whole follicle to respond adequately. This may be possibly due to the existence of different response thresholds between somatic and germinal compartments, similar to that described in avian cells [48] .
